Abstract
INTRODUCTION
In various heat exchangers in power and chemical industry, condensation and boiling phenomena are widely used [1] [2] [3] . In some of them such as air heaters in steam boilers, air-cooled condensers, and steam condensers within the passive systems of nuclear power plants, steam condensation happens inside vertical tubes. For example, an important task in the design of an air-cooled condenser is to predict the pressure change along the downward flow of condensing steam inside the tube. This pressure change determines the pressure drop that must be provided in order to remove the drained condensate from the outlet header to the condensate line for its removal. If these conditions are not adjusted, the condensate will accumulate in the lower parts of the condensing tubes and the condensing surface will be reduced [3] . In addition, its reliable operation depends on the uniformity of the steam flow distribution between parallel tubes, which can be predicted only based on accurate values of the pressure change along the condensing tube.
In this paper, the three-fluid model is used as the general approach for the prediction of the pressure drops in the vertical tubes with condensing steam downward flow. Three-fluid models have been mainly used for the simulation and analyses of vertical upward annular flows of liquid film, gas phase and entrained droplets under adiabatic or boiling conditions. The three-fluid models are based on the mass, momentum and energy balance equations for each of the fluid streams involved in the annular flow. All previous researchers who used the three-fluid models for the annular flow have investigated the strong dependence of the model results on the correlations for the prediction of mass and momentum interfacial transfers, especially the influence of the correlations for the droplets entrainment and deposition, and liquid film-gas core interfacial friction. In the present work, the ability of the three-fluid model to predict the pressure changes in condensing steam flow in vertical tubes is tested for the available experimental conditions. The flow structure and parameters of the annular condensing downward flow are analyzed and several available correlations for the steamliquid film interfacial friction are tested. A correlation for the interfacial friction on the wavy liquid film surface, proposed by Stevanovic et al. [4] , takes into account the influence of the steam and liquid density change with pressure on the steam-liquid film interfacial friction. This correlation is modified by taking the virtual mass force term into account. The numerical results obtained with the new modified correlation show better agreement with measured data than the previous correlations.
The problem is that a downward flowing pure and saturated steam as demonstrated in fig. 1 enters to a vertical tube with known initial conditions and complete condensation of steam happens inside the vertical tube. The flow regime is annular and entrainment and deposition are not negligible. Then a three-fluid model is developed to predict the pressure changes in tube. Thus use of the previous correlations for the steam-liquid film interfacial friction shows discrepancies between calculated and measured (experimental) pressure changes. Although the proposed correlation by Stevanovic et al. [4] provides good agreement, it has some deficiencies. One of these deficiencies corrected in this paper is the introduction of virtual mass force term. Calculated pressure changes provide even much better agreement by taking the above correction into account. 
MODELING APPROACH
The steady one-dimensional conservation equations of mass, momentum and energy are written for each fluid (the one dimension is along the tube length or condensation direction). Apart from these nine conservation equations (mass, momentum and energy equations for k=1, 2, 3), another equation is obtained from the fact that the sum of the volume fractions of the three fluids must be unity. These ten equations are used to obtain ten unknowns (ten state variables). In the conservation equations, the interfacial transfer phenomena between the fluid pairs that are in contact and also between the liquid film and wall are calculated by suitable closure relations.
The conservation equations along with volume fraction equation are changed, by some arithmetic operations, to ten first-order ordinary differential equations (ODEs) which give the derivatives of ten state variables. These ten ODEs comprise a system of ODEs which should be solved together as they are coupled. When dealing with condensation, the ODE system is stiff (it means that while one of the state variables has a very limited range of variation (for example α), there is another state variable which varies in a large range (for example p)) and so stiff ODE solvers should be used. Here for the solution of system of stiff ODEs, MATLAB stiff ODE solvers, namely ode23s and ode15s have been used. In the numerical procedure, the initial conditions are flow parameters at the inlet of the condensing tube (dependent variables
It should be noted that in the three-fluid model for annular flow, the pressure is assumed constant in each cross section. Also it should be noted that in the three-fluid model, the velocity of each of the three fluids is constant in its own cross section and is considered to be the mean velocity of the fluid. Thus there is no need for grid and meshing in the cross section and of course no need for CFD (computational fluid dynamics) methods. Note that the velocity of each fluid is constant in its own cross section but it varies with longitudinal position, and also, in general, it is different from the velocity of the two other fluids in the same longitudinal position.
It is assumed that the vapor remains saturated everywhere because the vapor-side thermal resistance can be neglected (therefore for the vapor thermo-physical properties, saturated vapor properties can be used from thermodynamic property tables), but the liquid film will be slightly subcooled. It should be noted that the thermo-physical properties of the liquid film and entrained droplets are the same (i.e. ρ 2 = ρ 3 and μ 2 =μ 3 ).
Governing equations
The three-fluid model conservation equations have the following general form for steady onedimensional flow conditions:
Where M represents mass, momentum and energy source terms as presented below, and index k = 1 denotes gas phase, k = 2 liquid film and k = 3 entrained droplets. The volume balance is added as:
The above system of conservation equations is transformed in a form suitable for the numerical integration as follows [4] .
The final set of balance equations are equations (5), (6), (7) and (8) . These equations are implemented in the MATLAB code in the order of (5), (8), (7) and (6) and solved as an initial value problem where the initial conditions are the parameters values at the tube inlet. The source terms in conservation equations are as follows [5] :
Mass balance source terms:
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Constitutive equations and comments
The deposition rate W d is calculated at each position from the relationshipW . 
The entrainment rate, W e , is estimated from the following correlation (Sugawara correlation [6] 
The shear stress between the wall and liquid film is defined as:
Where the liquid film-wall interfacial friction coefficient and the liquid film Reynolds number are
For turbulent flow (Blasius correlation, [7] ), C=0.079, n=0.25, Re 2 >1600, and for laminar flow, C=16, n=1, Re 2 ≤1600.
The liquid film-gas phase shear stress is defined as: The gas phase-droplets shear stress is defined as:
Where the drag coefficient is (Clift et al. [11] ): 
Evaporation and condensation rates
For the calculation of the evaporation rate the non-equilibrium relaxation method is used, whereby it is assumed that during flashing (pressure undershoots) the volumetric evaporation rate follows [13] : ,
Interfacial area concentrations are calculated between liquid film-wall, liquid film-gas and dropletsgas [14] . The tube flow cross section is: 
Virtual mass (added mass) force term
The correction considered in this paper for the three-fluid model prediction of pressure changes in condensing vertical tubes assuming annular flow is the introduction of virtual mass (added mass) force term. The virtual mass force occurs only when one of the phases accelerates with respect to the other phase. It results from the fact that the motion of the discontinuous phase results in the acceleration of the continuous phase as well. A simple and widely used expression for steady one-dimensional separated flow which is used in the written MATLAB code is [15] : The exact form of the virtual mass force term is only known from theory for some simple and idealized conditions. The general form of virtual mass force in two-phase flow has been a subject of considerable discussion. Drew et al. [17] derived a general form for the force term based on the argument that the force must be objective (frame independent). Their proposed general form includes regime-dependent parameters that can only be obtained from theory for some idealized configurations, however. One suggested expression for the virtual mass force is from Ishii and Mishima [18] :
Where material derivative is defined as In terms of magnitude, F VM is significant only if the gas phase is dispersed, and only in rather extreme flow acceleration conditions (e.g., choked flow). Despite the insignificant quantitative effect, however, the virtual mass term is important because it modifies the mathematical properties of the momentum conservation equation and improves the numerical stability of the conservation equation set.
RESULTS AND DISCUSSION
The experimental results are obtained from Kreydin et al. [19] . The volume fraction of condensate (liquid film + entrained droplets), α 2 +α 3 , is shown in terms of the distance from the tube inlet for the steam inlet pressure of 1.08 [MPa] and different total mass fluxes in fig. 3 . It can be seen that the condensate volume fraction increases along the tube length. The condensate volume fraction does not become more than 0.4, in fact for usual values of mass fluxes, the condensate volume fraction does not even reach 0.2. Only for higher mass fluxes (which also means higher condensing heat fluxes) the condensate volume fraction reaches values higher than 0.2. For α 2 +α 3 <0.2 or 0.3, the annular flow pattern holds along the whole tube length. Therefore the preassumption of annular flow and the use of three-fluid model are justified.
For usual values of total mass fluxes (i. the condensate volume fraction changes linearly with tube length, but at the end lengths of the tube the condensate volume fraction increases rapidly and nonlinearly with tube length. These rapid and nonlinear changes in condensate volume fraction, for higher mass fluxes, shows that at the end lengths of the tube the flow pattern changes from annular flow to slug flow, and consequently the use of the three-fluid model is not justified. [20] ) total pressure changes are plotted against the steam inlet pressure (P 0 ), in a constant total mass flux, in fig. 4 . It can be seen that the total pressure change (total pressure drop) increases when the steam inlet pressure increases. When the inlet pressure increases, the total pressure drop increases almost linearly. It should be noted that although the total pressure drop of condensing steam flow inside vertical tubes increases by the increase of steam inlet pressure, this increase is not considerable. Figure 4 shows that when the inlet pressure increases about 10 [bars], the total pressure drop increases about 0.001 [bars] . Therefore, it can be concluded that the pressure drop inside condensing vertical tubes is not affected considerably by the changes of steam inlet pressure. 
CONCLUSIONS
The pressure changes of condensing annular flow in vertical tubes have been predicted using threefluid model. Use of the previous correlations for the steam-liquid film interfacial friction shows discrepancies between calculated and measured pressure changes. Although the proposed correlation by Stevanovic et al. [4] provides good agreement, it has some deficiencies. One of these deficiencies corrected in this paper is the introduction of virtual mass force term. Calculated pressure changes provide better agreement with measured data by taking the above correction into account.
The conservation equations are written for each fluid and then steady one-dimensional conditions are considered. Apart from nine conservation equations, a volume fraction equation is also obtained. These ten equations are used to obtain ten state variables. In the conservation equations, the interfacial transfer phenomena are calculated by suitable closure relations.
The conservation equations along with volume fraction equation are changed by some arithmetic operations to ten first-order ODEs which give the derivatives of ten state variables. These ten ODEs comprise a system of stiff ODEs which should be solved together as they are coupled. Here for the solution of system of stiff ODEs MATLAB stiff ODE solvers, namely ode23s and ode15s, are used. The results obtained are as follows.
1. The new three-fluid model (Stevanovic et al. [4] correlation with correction -introduction of virtual mass force term) provides better agreement with measured data compared with other correlations.
2. The condensate volume fraction increases along the tube length. For usual values of mass fluxes, the condensate volume fraction does not even reach 0.2. Only for higher mass fluxes, the condensate volume fraction reaches values higher than 0.2. For α 2 +α 3 <0.2 or 0.3, the annular flow pattern holds along the whole tube length, and therefore the pre-assumption of annular flow and the use of threefluid model are justified.
3. The new three-fluid model has also been used to simulate the steam condensing downward flow of Kim and No [20] . The total pressure drop increases when the steam inlet pressure increases. 
